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Abstract: Laryngeal squamous cell carcinoma (LSCC) is one of the most prevalent malignancy
of the upper aerodigestive tract. Detection of early lesions in vivo could improve the survival
rate significantly. In this study, we demonstrated that femtosecond multiphoton microscopy
(MPM) is an effective tool to visualize the microscopic features within fixed laryngeal tissues,
without sectioning, staining, or labeling. Accurate detection of lesions and determination of
the tumor grading can be achieved, with excellent consistency with conventional histological
examination. These results suggest that MPM may represent a powerful tool for in-vivo or fast
ex-vivo diagnosis of laryngeal lesions at the point of care.

© 2021 Optical Society of America under the terms of the OSA Open Access Publishing Agreement

1. Introduction

Laryngeal cancer represents a form of malignancy originating from the epithelium or the
connective tissue of larynx, which can be divided into supraglottic larynx, the glottis and the
subglottic region. It is the most prevalent type of human head and neck tumors in many countries,
accounting for 1% to 2.5% of all human neoplasms, with 177,422 new cases and 94,771 deaths in
2018 worldwide [1]. In terms of histopathology, a majority of larynx malignancies (around 95%)
are squamous cell carcinoma (LSCC), with chondrosarcomas, leiomyosarcomas and melanomas
accounting for the other 2%-5% [2].

The prognosis of laryngeal cancer depends on a number of individual factors, including tumor
size and location, depth of invasion, histopathological type, degree of differentiation and presence
of metastasis. It was reported that patients with early laryngeal cancer (T1-T2N0) had a 5 year
survival rate of higher than 80% [3]. Unfortunately, 50-75% of the patients are diagnosed at
advanced stages (stage III or IV) which significantly limited the efficacy of the treatments [2,4].
It’s often difficult to detect early laryngeal lesions using conventional laryngoscope with white
light imaging. Currently the diagnosis is still solely based on the histopathological assessment
on the biopsy specimens, which relies on the accurate sampling followed by tissue sectioning
and hematoxylin and eosin (H&E) staining. Sensitive and accurate diagnosis of early laryngeal
cancer can be very challenging due to lack of reliable biomarkers and often require special
staining or immunostaining to visualize specific structures or cell types. These conventional
histological analyses are time-consuming and labor-intensive. It’s difficult to generate multiple
staining contrasts simultaneously with exact spatial co-registration which could increase the risk
of missing small lesions. Therefore, there is a great need for developing fast, sensitive, and
accurate methods which enable in vivo and point of care screening and diagnosis for early stage
laryngeal cancer.

A variety of label free and slide free imaging techniques, which are usually based on nonlinear
optical processes with femtosecond laser pulses, have been developed and widely used for
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biological tissue imaging in the past years [5–7]. Autofluorescence (AF) of the tissue, including
two-photon and three-photon excitation fluorescence (2PEF and 3PEF), arises when endogenous
fluorophores were excited by light at suitable wavelength. The most common endogenous
fluorophores include intracellular molecules such as NAD(P)H, FAD, porphyrins, lipo-pigments,
as well as extracellular components such as elastin. Many of these biomolecules play key
functional roles in a living system. AF allows the direct observation of the cellular morphology
and metabolic states without using exogenous labeling agents, ideal for in vivo and fresh ex
vivo tissue imaging. Recently it has been used for intraoperative lesion detection and studying
the changes during carcinogenesis, tumor progression, and metastasis [8–10]. Collagen fibers
with non-centrosymmetric structure, could produce strong second harmonic generation signals
(SHG) [11], providing a unique modality for imaging the fibrous structure in the extracellular
matrix and the basement membrane. It has been suggested that the changes in the length,
thickness, orientation and alignment of the collagen fibers are sensitive and quantifiable indicators
for evaluating response to treatments, tumor aggressiveness and predicting prognosis and the
tendency of metastasis [12,13]. Additionally, THG microscopy is an important label free
technique that has been used to study a broad range of tumors [14,15]. THG signal generates from
inhomogeneous interfaces with changes in refractive index. Therefore, it can be used to image
cellular membranes, nuclear membranes, lipid droplets and other intracellular or extracellular
structures [16,17].

The combination of AF, SHG and THG integrates the strengths of these techniques and
affords a unique and powerful tool for the direct visualization of the tissue structure and cellular
morphology. MPM has been successfully applied for the detection of malignant lesions in various
type of cancers, including oral [5,18,19], esophageal [20,21], breast [22,23], and colorectal
[24,25]. Being label free and slide free, this novel technique could potentially enable in vivo
optical biopsy for cancer research and diagnosis at the point of care. Therefore, in this study we
investigated whether the femtosecond label-free imaging (FLI) microscopy could provide images
for accurate histological evaluation of laryngeal tissues without using exogenous labeling agents,
which indicates the potential for in vivo detection of the lesions for laryngeal cancer.

2. Materials and methods

2.1. Sample preparation

This study was approved by the ethics committee of Beijing Tongren Hospital of Capital Medical
University in Beijing, China. Resected specimens were obtained from the primary tumors and
normal regions that were at least 2 cm away from the tumor margins, from 6 patients with
Laryngeal squamous cell carcinoma, resulting in 12 samples in total. All the tissue samples
were fixed using 10% formalin within 30 min of surgery and stored in 4°C. MPM microscopy
imaging was performed on fixed and unsectioned tissue blocks within 48 hours without staining.
Immediately after the imaging session, tissue blocks were embedded in paraffin and sectioned into
several 5-µm-thick serial sections, followed by different staining techniques including standard
H&E staining, Masson’s trichrome staining, and Feulgen’s staining.

2.2. MPM imaging

All MPM images were acquired using femtosecond label-free imaging (FLI) microscopy system
(Femtosecond research center, Guangzhou, China). The experimental setup is illustrated in Fig. 1,
inspired by the optical setup reported in [22]. The excitation source is a home-built femtosecond
fiber laser with spectra spanning from 900-1200 nm with a 13.6 MHz pulse repetition rate. A
typical spectrum from the light source is shown in Fig. 1(a). The laser pulses were guided into a
home-built pulse shaper for pulse compression based on the MIIPS method described in Ref.
[26] and further wavelength range picking. The autocorrelation trace of the pulse at the sample
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position is shown in Fig. 1(b), supporting our observation of sub-40 fs pulse. The beam is then
raster scanned by a 2D galvo-scanning system, expanded by a telescope to illuminate the entire
back aperture of the objective so that the smallest possible focal spot size can be achieved. An
objective with high transmission from UV to near IR and high numerical aperture (UAPON
40XW340, Olympus, NA 1.15) was used to produce a large field of view and highly resolved
image. Samples are placed on coverslips with a uniform thickness of 170± 5 µm (manufactured
with Schott D 263 M glass), and moved by a high-precision automated xyz stage (ASI Imaging,
Inc). Back-scattered signals are separated into multiple channels (THG 340-380 nm; 3PEF
415-526 nm; SHG 530-570 nm, etc.) using a non-descanned detection scheme enabled by a set
of dichroic mirrors and bandpass filters (Semrock, Inc), focused with 50 mm focal length lenses,
and recorded simultaneously by high sensitivity PMTs (H7421-40, Hamamatsu). Images from
individual channels can be merged to form a composite image with pseudo colors (THG-yellow;
3PEF-mengenta; SHG- green).

Fig. 1. a) Spectrum from the laser source; b) autocorrelation trace of the pulses at the
sample position; c) Schematic of the FLI microscopy system. M: mirrors; D: dichroic
mirrors; BF: bandpass filters; Gx & Gy: scanning mirror X & Y; G1 & G2: gratings; SLM:
spatial light modulator
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Each image was acquired with a field of view 380×380 µm2, sampled with 500×500 or
1000×1000 pixels in 1 to 4 second. To scan a larger area, serial images were acquired by moving
the motorized translational stage, with a 15% overlap to remove any edge artifacts during digital
mosaicking. For each patient, at least one normal region and one tumor region were imaged with
MPM, and the sizes of stitched images ranged from 6×6 mm up to 10×10 mm.

2.3. Data analysis

Both MPM images and conventional histological slides were evaluated and compared by
experienced pathologists. Histological features from the MPM images were identified by
comparing to the H&E slide images from similar regions of the same sample. For the analysis of
collagen fiber, regions of interest (ROI) including two invasive tumor regions and two normal
regions far from the tumor boundary with the size of 1×1 mm were selected from each patient
for analysis. The alignment of collagen fibers were performed with Curvealign software [27–29].
Curvealign is an open-source, free MATLAB software to analyze collagen fiber by directly
finding optimal representation of fiber edges using the curvelet transform. This framework allows
the measurement of fiber alignment on a global, region of interest, or fiber basis, as well as the
fiber angle relative to a defined boundary. In current study, “alignment coefficient” ranging
from 0-1 is calculated which measures the alignment of fibers with respect to each other, with
higher value indicating more aligned fibers. The statistical difference in the fiber alignment
between normal and malignant regions were analyzed by paired t-test using IBM SPSS Statistics
24 software.

3. Results

MPM microscopy images demonstrate sufficient resolution and contrast to depict the histologic
features for both normal and malignant laryngeal tissues (Figs. 2–7), which conventionally require
multiple paraffin section based staining techniques. Images from the same specimen from the
same patient are compared to confirm the feature assignment. It should be noted that because
multimodal microscopy was based on optical sectioning of tissue blocks while conventional
histological analysis was based on tissue slices, images from these two different processes are
from close but not the same tissue locations.

3.1. MPM microscopy of normal laryngeal tissue

The representative images for normal laryngeal epithelium acquired with MPM microscopy
[Figs. 2(a)–2(c)] demonstrates normal anatomy comparable to standard paraffin section based
histological images [Figs. 2(d)–2(f)]. The composite image from 3PFE, SHG and THG images
[Fig. 2(a)] shows the layering structure of typical mucosa including pseudostratified ciliated
column epithelium or squamous epithelium, basal lamina, and lamina propria, which can be
confirmed by the standard H&E stained image [Fig. 2(d)]. The mucosa mainly consists of ciliated
cells that are lined nicely on the surface, with cilia that facilitate the movement of mucus across
the airway tract [triangles in Figs. 2(a) and 2(d)]. There is an inflammatory infiltrate in the loose
connective tissue beneath the basal lamina [Figs. 2(a) and 2(d)]. The separate modal images from
SHG and 3PEF are shown in Figs. 2(b) and 2(c), respectively. Figure 2(b) is the SHG image with
signals originating exclusively from collagen fibers due to their non-centrosymmetric molecular
structure [30]. The basement membrane is clearly visualized as a thin and continuous fibrous
band beneath the mucosa as pointed out by the blue arrow in Fig. 2(b). The lamina propria is
mainly made up collagen fibers that form the basic framework of the stroma. These collagen
related features are more difficult to discern in H&E images, and normally require Masson
staining to visualize [Fig. 2(e)]. Figure 2(c) is the 3PF image providing the cell morphology. The
normal cell nuclei without intra-nucleus structures appear to be black holes with regular nucleus
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Fig. 2. Representative images from MPM imaging (a-c) and corresponding paraffin section
based histological images (d-f) of normal laryngeal epithelium. a) composite image of
multiple modals (THG-yellow, SHG-green, 3PFE-magenta); b) SHG image; c) 3PF image;
d) H&E stained image; e) Masson stained image (collagen fibers are displayed in blue); f)
Feulgen stained image (nuclei are displayed in dark blue). Red arrows: pseudostratified
ciliated column epithelium; blue arrows: basal lamina; green arrows: lamina propria;
triangles: cilla; arrow heads: cell nuclei.
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Fig. 3. Representative images from MPM imaging (a-c) and corresponding histological
images (d-f) of normal salivary glands. a) composite image of multiple modals (THG-yellow,
SHG-green, 3PFE-magenta); b) SHG image; c) 3PF image; d) H&E stained image; e) Masson
stained image (collagen fibers are displayed in blue); f) Feulgen stained image (nuclei are
displayed in dark blue). Triangles: serous cells; stars: mucous cells; red arrowhead: blood
vessel with endothelial cells; left pointing arrows: collagen fibers surrounding individual
salivary glands; right pointing arrows: cell nucleus.



Research Article Vol. 12, No. 3 / 1 March 2021 / Biomedical Optics Express 1314

Fig. 4. Representative images from MPM imaging (a, b) and corresponding H&E stained
image (c) showing tumor cells invading into lamina propria. a) composite image of multiple
modals (THG-yellow, SHG-green, 3PFE-magenta); b) SHG image; c) H&E stained image.
Arrows: intact basement membrane; Blue dashed circles: invasion zones.

to cytoplasm ratio [arrowheads in Fig. 2(c)], which are confirmed by the Feulgen stained image
[arrowheads in Fig. 2(f)].

There are abundant salivary glands located in the lamina propria of normal laryngeal tissues.
The composite multimodal images clearly demonstrate the histological features of typical salivary
glands [Fig. 3(a)], which mainly consist of mucus cells (stars) and serous cells (triangles). This
is consistent with the standard H&E stained image [Fig. 3(d)]. There is a blood vessel on the left
side of the glands, with endothelial cells shown with great details [red arrowhead in Fig. 3(a)].
The SHG image shows the collagen network surrounding individual glands [arrows in Fig. 3(b)],
which is difficult to discern from the H&E stained image [Fig. 3(d)]. The 3PEF image displays
the cytoplasm and nuclei of cells within normal glands (blue arrows in Fig. 3(c). Identification
of these features are confirmed by Masson staining [Fig. 3(e)] and Feulgen staining [Fig. 3(f)],
respectively.

3.2. MPM microscopy of malignant laryngeal tissue

Figure 4 shows an example of early stage laryngeal cancer in which the malignant squamous
cells invading through the basement membrane into the lamina propria. The multimodal
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Fig. 5. Representative images from MPM imaging (a-c) and corresponding histological
images (d-f) of invasive tumor region. a) composite image of multiple modals (THG-yellow,
SHG-green, 3PFE-magenta); b) SHG image; c) zoom in of a malignant region; d) H&E
stained image; e) Masson stained image (collagen fibers are displayed in blue); f) Feulgen
stained image of a malignant region (nuclei are displayed in dark blue). Stars: tumor
necrosis; right pointing arrows: cell nuclei.

Fig. 6. Representative images from MPM imaging (a, c) and corresponding histological
images (b, d) showing characteristic features of squamous cell carcinoma. a) & b) tumor
cells with intercellular bridges; c) & d) tumor region showing keratinization.
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Fig. 7. Representative SHG images from a) normal laryngeal tissue and b) invasive tumor
region. c) Comparison of fiber alignment between normal laryngeal tissue and tumors.

microscopy images demonstrate the histological features including the proliferating cells and
fibrous structure with high resolution and contrast [Figs. 4(a) and 4(b)], which correlate well with
the findings from the H&E stained image [Fig. 4(c)]. For the malignant epithelium, the mucosa
is altered with cellular disorganization and thickened with more stratification [Figs. 4(a) and
4(c)]. Epithelial cells become clearly squamous and pleomorphic, losing polarity and columnar
tendency, displaying obvious nuclear abnormalities with increased nucleus to cytoplasm ratio.
It’s worth noting that the degradation of basement membrane at the invasion zone and the increase
of the basement membrane thickness beneath the nearby epithelium can be most clearly observed
from the SHG image ([Fig. 4(b)].

Two examples of more advanced invasive squamous cell carcinoma are demonstrated in Figs. 5
and 6. With high resolution and contrast, MPM microscopy can identify subtle changes and small
features that are critical for determining tumor subtypes and grades [Figs. 5(a)–5(c), Figs. 6(a)
and 6(c)], which correlate well with traditional paraffin section-based histology [Figs. 5(d)–5(f),
Figs. 6(b) and 6(d)]. In Fig. 5, malignant squamous epithelial cells form irregular large nests
with little stromal response [marked regions in Figs. 5(a), 5(d)], disrupting the regular tissue
architecture. The altered collagen matrix can be best observed from the SHG image with
longer, more aligned fibers [Fig. 5(b)], which is consistent with the Masson stained image of a
corresponding paraffin section [blue stain, Fig. 5(e)]. The tumor cells produce THG and 3PEF
signals, showing irregular cell morphology and ovoid to spindle shape with indistinct cell borders,
and the nuclei are hyperchromatic with multiple prominent nucleoli [arrows in Fig. 5(c and 5(f)].
Central tumor necrosis and limited keratinization are present in this field as well [stars in Fig. 5(a)
and 5(c)]. These histological features suggest a “nonkeratinizing with maturation” or poorly
differentiated subtype of SCC [31].

In Fig. 6, intercellular bridges [Fig. 6(a)], cell keratinization [Fig. 6(c)], and the formation of
keratin pearls [Fig. 6(c)] can be clearly visualized, which are consistent with standard H&E images.
The tumor cells are polygonal with distinct cell borders. These cellular and histological features
closely resemble the characteristics of normal squamous epithelium, suggesting a “keratinizing”
or “well-differentiated” subtype of SCC. The digital nature of these images potentially allows the
development of a more quantitative tumor grading system.

3.3. Collagen fiber evaluation

As shown above, collagen fibers can be specifically detected by SHG without staining. Changes
of fibrillar morphology can be seen clearly in the case of laryngeal cancer. In normal laryngeal
mucosa, collagen fibers appear to be wavy and randomly oriented [Fig. 7(a)]. However, in
laryngeal cancer, collagen fibers exhibited clear linearization and irregular alignment [Fig. 7(b)].
In order to investigate whether collagen fiber alignment has the potential to differentiate malignant
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tissues from normal tissues, quantitative analysis was performed on the SHG images from 12
normal and 12 malignant ROIs from six patients using CurveAlign software [27–29]. As seen in
Fig. 7(c), the collagen fibers in laryngeal cancer are significantly more aligned comparing to their
normal counterparts with statistical significance (p<0.001 using paired samples t-test).

4. Discussion

AF from endogenous fluorophores has been proved to be a powerful tool for direct visualization
of tissue morphology, cell metabolism and disease states [6,7,32]. With the experimental settings
used in this study, AF mainly comes from the sum of three photon excitation of NADH and FAD
from cytoplasm, which displays the morphology of cells and nuclei, and allows the identification
of irregular cells in malignant tissues. Previous work using 2PFE has demonstrated the imaging
of the epithelium and the lamina propria on normal oral mucosa [18]. Comparing to 2PEF, 3PEF
uses longer exciting wavelength which reduces signal from regions out of focus as well as tissue
scattering, hence allows better penetration depth [5], providing the potential for enabling in vivo
imaging of the laryngeal epithelium. Due to the much smaller cross section, 3PEF is even more
sensitive to the pulse quality at the sample [26]. Therefore, the precise control of the pulse
duration and compensation of the pulse distortion along the light path are critical for achieving
efficient imaging using this modality.

It’s well known that collagen fiber is a key component of the tumor microenvironment.
Remodeling of the collagen architecture occurs in all epithelial malignancies, which substantially
influences tumor pathogenesis, progression, metastasis, and response to different therapies. The
SHG images of the laryngeal epithelial provide high specificity and resolution for the detection of
collagen fiber network including basement membranes, which has been confirmed by a number
of earlier studies [10–12]. Collagen fibers are abundant and well organized in lamina propria
of normal laryngeal tissues, which is consistent with the findings for oral mucosa [19]. From
the images acquired in this study, it seems the thickness of the basement membrane increases in
malignant laryngeal epithelia comparing to their normal counterparts [blue arrow in Fig. 2(b) vs.
red arrow in Fig. 4(b)]. On the other hand, in laryngeal cancer tissues, the appearance of collagen
fibers is significantly transformed, showing bundles with highly aligned fibrils. This could
provide a quantitative tool for evaluating the alteration in collagen network during carcinogenesis
and tumor progression.

THG in tissue originates from the water-lipid and water-protein interfaces. It’s a very useful
contrast modality which is complementary to multiphoton fluorescence and SHG imaging,
showing the intracellular and extracellular structures such as cellular membranes, nuclear
membranes, cell organelles, intracellular lipid droplets, and extracellular vesicles [16]. In the case
of laryngeal tissues, THG enables the direct observation of intracellular bridges and keratinization
(Fig. 6), which are important for the determination of the squamous origin of the tumor. Similar
to multiphoton excitation fluorescence and SHG, THG is only generated in the focal volume
which allows for optical sectioning and 3D scanning of tissue samples.

By simultaneously collecting multiple modalities including AF, SHG and THG, label free
and slide free imaging of laryngeal tissues is achieved with high resolution and contrast. All
microscopic features that were used in standard histological evaluation can be provided by the
composite image from multiple modalities, providing the potential for an accurate diagnosis to be
made. The histological appearance of the normal laryngeal tissues, including the layered epithelial
and salivary glands, is clearly demonstrated and similar to the earlier findings for oral mucosa
[18]. The alteration of the epithelium structure and abnormality in cellular morphology allows
the identification of malignant laryngeal lesions, which is consistent with the study on hamster
check pouch that differentiates normal, precancerous and cancerous tissues [33]. The subtle
features such as intracellular bridges, keratinization, and necrosis can be clearly observed and
used to determine the subtypes or the grading of the tumor. In addition, the SHG modality images
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the collagen network specifically, which is extremely powerful for qualitatively and quantitatively
analyzing the extracellular matrix, the desmoplastic reaction in tumor microenvironment, and the
alteration in the basement membrane. As indicated in this study, in malignant laryngeal tumors,
the basement membrane is degraded at the invasion sites and thickened in nearby mucosa. The
collagen fiber appearance and organization in the stroma is altered, and becomes significantly
more aligned comparing to those in normal tissue. On the other hand, multiphoton excitation
significantly reduces the risk of photo damaging the sample since the excitation occurs only in
the immediate focal region, rather than the entire volume light passes as in confocal fluorescence
[34].

The number of patients is relatively small in this research, limiting the possibility of more
rigorous quantitative analysis. More samples are being collected and will be presented in a future
study. In addition, the current work was based on ex vivo imaging on fixed sample. We plan to
install a FLI microscopy system next to operation room, to further study the ex vivo imaging on
fresh tissue sample and to investigating in vivo optical biopsy. The result will be discussed in
future work as well.

5. Conclusion

This work demonstrates the ability of MPM microscopy in generating label-free images of
laryngeal tissues with rich information on the tissue and cellular morphology. The image contrast
and clarity are comparable, if not superior, to those of standard H&E images, providing the
potential for a histologic diagnosis to be made. With this technique, the need for conventional
histological sample preparation including embedding, sectioning, and staining can be eliminated
which saves time, labor and reduces toxic chemical consumption, allowing fast ex vivo and
potentially in vivo detection of laryngeal lesions to be made at the point of care.
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